We report observations of quantum oscillations in single crystals of the high temperature superconductor MgB 2 . Three de Haas -van Alphen frequencies are clearly resolved. Comparison with band structure calculations strongly suggests that two of these come from a single warped Fermi surface tube along the c direction, and that the third arises from cylindrical sections of an in-plane honeycomb network.
The discovery of high temperature superconductivity in MgB 2 [1] has led to great interest in this hexagonal layered compound. Early isotope effect work clearly showed that phonons are important [2] , but subsequent experiments and calculations have revealed some unusual features, such as the possible existence of two distinct superconducting gaps [3 -6] , that may be associated with two different bands [7, 8] .
The band structure of MgB 2 has been calculated by several groups [9] , and, recently, photoemission experiments [10] have confirmed its qualitative features. Studies of the de Haas-van Alphen (dHvA) effect provide crucial information about the electronic properties of metals. Observation of quantum oscillations allows the shape of the Fermi surface and the effective masses of carriers on individual Fermi sheets to be found. Then, together with bandstructure calculations, electron-phonon coupling constants can be obtained [11] .
In this Letter, we report a detailed study of the dHvA effect in single crystals of MgB 2 . Three dHvA frequencies are clearly resolved in our data and can be assigned to two distinct, orthogonal Fermi surfaces parallel to the main symmetry axes of MgB 2 [9] . The effective masses corresponding to these three frequencies have been measured and compared with recent calculations. The comparison shows clearly that the electron-phonon enhancement is large for the c-axis tube and much smaller for the in-plane electronlike tube.
The single crystals used in this work were grown in Tokyo by high pressure synthesis, as described in Ref. [12] . Two crystals from the same batch were studied in parallel using sensitive piezoresistive cantilevers to measure the torque ͑G͒ [13, 14] -crystal A at Cambridge using a 4 He cryostat with a 15 T magnet and crystal B at Bristol using a 3 He cryostat with an 18 T magnet. The dimensions of the crystals A and B were 230 3 80 3 20 mm 3 and 230 3 200 3 47 mm 3 , respectively (the shortest side being along the c axis). Thermal contact between the crystals and nearby calibrated thermometers was ensured by immersion in 3 He or 4 He liquids or a few mbars pressure of exchange gas. Both cryostats had a single-axis low-temperature rotatable sample stage and angles were measured to a relative accuracy of at least 1 ± . For crystal A, the alignment was verified from the symmetry of high resolution, torque versus angle sweeps near the c axis at 15 T, while for B a correction of 6 ± was applied to make the dHvA frequencies symmetrical about the crystal axes. The data obtained in both sets of experiments were essentially identical.
Figures 1(a)-1(c) show torque versus magnetic field data [15] for both crystals as a function of angle, as the crystals were rotated from B k ͓001͔ ͑u 0
The orientation of the c axis was determined from the platelet shape and the anisotropy of the upper critical field H c2 . As expected, the torque signal goes to zero at the principal symmetry directions (u 0 ± and 90 ± ) but is already sizable only a few degrees away. The signal was easily resolved over a wide field range, giving well defined dHvA frequencies [see the fast Fourier transforms (FFTs) in Fig. 1(d) ]. Two frequencies (F 1 and F 2 ) were observed for field sweeps carried out within ϳ45 ± of the c axis [ Fig. 1(a) ], while only a single frequency The dHvA signals were analyzed in the conventional way using the Lifshitz-Kosevich expression [11, 16] 
where F is the dHvA frequency [F ͑h͞2pe͒A, A is the extremal orbit area in k space]; g is the phase; R D , R T , and R S are the damping factors from impurity scattering, temperature ͑T͒, and spin splitting, respectively. R D exp͑2pm B ͞eBt͒, where m B is the unenhanced or "bare" band mass [11, 16] and t is the scattering time. R T X͑͞sinhX͒ where X ͑
, and m ‫ء‬ is the quasiparticle effective mass that is enhanced over m B by both electron-electron and electron-phonon interactions, and m e is the free-electron mass. The spin splitting phase factor is given by R S cos͑npgm S ͞2m e ͒ where g is the Landé g factor for electrons in a given orbit, and m S ͞m B is the enhancement of the Pauli susceptibility from electronelectron interactions alone. Figure 2 (upper panel) shows the angular dependence of the three dHvA frequencies observed in both crystals on rotating from B k ͓001͔ to ͓100͔. There is excellent agreement between the two sets of data. The strong, nearly cosine angular dependence of F 1 and F 2 suggests that they arise from cylindrical sections along the c axis. Small deviations from a strict 1͞cosu dependence are shown in inset (a) of Fig. 2 . Assuming a simple cosine c-axis [17] derived a formula which accounts for the "magic-angle" magnetoresistance maxima in quasi-2D organic superconductors. This gives the angular dependence of the two frequencies, F 6 , arising from extremal areas of a single warped cylinder as
In this expression, the first term is the mean frequency ͑h͞2pe͒pk Fig. 2 , for the other orbit, F 3 cos͑90 2 u͒ is remarkably constant (to within 61% over 640 ± ), implying that it is cylindrical with very little warping.
In Fig. 2 (lower panel) , we show results obtained in a second experiment on crystal A in which the c axis was aligned at ϳ15
± from the rotation axis and the magnetic field was rotated approximately within the basal plane. Two minima separated by 60 ± were observed, consistent with the hexagonal symmetry of MgB 2 . The minimum value of F 3 in the upper panel agrees with that in the lower panel (after correcting for the 15 ± offset) showing that when u 90 ± , in the upper panel, B lies along the ͓100͔ symmetry direction.
Temperature dependent studies were made for all three frequencies from 1.35 to 12 K (crystal A) and from 0.36 to 12 K (crystal B) and analyzed in the standard way by fitting the data to the damping factor R T [Eq. (1)]. Fits for crystal B are shown in Fig. 3 , and values of m ‫ء‬ obtained in this way for both crystals are given in Table I . Measurements of m ‫ء‬ were made with B approximately 20 ± off a symmetry axis. The values in Table I have been multiplied by cos͑u͒ [or sin͑u͒] to correct for the usual angular dependence of the mass for a tubular band. This correction is less than 8%.
In the inset of Fig. 3 we show the angular dependence of the dHvA amplitude near ͓100͔, for both crystals. There is a pronounced dip between 14 ± and 18
±
. The slight difference for the two crystals is ascribed to small alignment errors about an axis perpendicular to the axis of rotation. No such dip was observed for F 1 and F 2 . We believe the dip for F 3 is a "spin-zero," which is often observed in dHvA studies when the areas of spin-up and spindown extremal orbits differ by a half-integral number of Landau quanta, leading to destructive interference in the oscillatory magnetization. This dip was shown to persist to at least 4.2 K. Since F 3 comes from a tubular surface, whose effective area~1͞cosu, it is easily shown that the first zero occurs at an angle u sz cos 21 includes band effects and electron-electron enhancement but not electron-phonon enhancement of the standard type [11] . This is because the Pauli susceptibility of a metal can be enhanced by electron-electron interactions, e.g., by the Stoner mechanism, but not by the electron-phonon interaction. Our data give u sz 18 ± 6 3 ± , and with g 2 this gives m S 0.476 6 0.007m e .
The scattering rates of the three orbits were extracted using two procedures. We either subtracted a smoothly varying background and fitted the whole field sweep to Eq. (or more precisely, G~BM osc ≠ lnF͞≠u) or fitted Eq. (1) to 1.5 oscillations in 1͞B to give the dHvA amplitude with the thermal damping factor removed ͑A s ͒, as a function of B. In both cases we used the values of m ‫ء‬ from Table I in the R T factor and set R S 1. In field regions where the sample is clearly in the normal state, the first method gives excellent fits to Eq. (1) for all three frequencies. Scattering times derived from fits for both crystals and all frequencies are shown in Table I . Making the approximation that all three frequencies arise from circular areas in k space, we can obtain k F for each area and hence y F hk F ͞m ‫ء‬ , and the mean free path ᐉ y F t. These are also shown in Table I .
The second procedure removes thermal damping effects and reveals changes in the amplitude ͑A s ͒ versus 1͞B plots caused by the onset of superconductivity below H c2 . As shown in Fig. 4 at angles of 70 ± or less, the usual exponential behavior is obtained [with slopes~1͞cos͑90 2 u͒ as expected for a tubular surface]. However, for angles nearer the plane, the Dingle plots become nonlinear because of additional damping caused by the growth of the superconducting gap, as has been observed in many superconductors (see, for example, Ref. [18] ). This observation proves that our dHvA signals arise from MgB 2 rather than any impurity phase. The inset of Fig. 4 shows hysteresis arising from superconductivity that roughly corresponds to the onset of nonlinearity in the Dingle plot. However, the slope of the Dingle plot for u 81.7 ± remains high above 17 T, suggesting that the superconductivity has not been entirely suppressed in the reversible region.
Recently, detailed band structure calculations, including estimates of dHvA frequencies and masses, have been reported by three independent groups [19] [20] [21] . All calculations predict two warped cylinders along the c direction and two honeycomb networks in the basal plane. Comparison of the calculated frequencies with our experimental data shows that F 1 and F 2 arise from the smaller warped cylinder along the c axis while F 3 corresponds to the electronlike, in-plane tubular network whose median plane contains the A, H, and L symmetry points. The discrepancies with theory are less than 300 T (see Table I ) which is only 0.2% of the area of the hexagonal Brillouin TABLE I. Summary of results for both samples along with estimates of the frequencies and band masses from band-structure calculations (c) [20] . [7, 20, 22] ).
The detailed angular dependence of F 1 , F 2 , and F 3 has been calculated by Harima [19] . We find this also agrees with our data and supports the Yamaji analysis given above.
The calculated values of m B for F 3 also allow us to estimate the Stoner enhancement of the susceptibility. We find the enhancement m S ͞m B 2 1 0.51 on this orbit, which is twice the calculated value of 0.26 [20] .
The remaining discrepancy with theory concerns the absence of other dHvA orbits in the present study, particularly those arising from the second c-axis tube and the other in-plane network (band 4 in the notation of Ref. [19] ). In view of the discrepancies of 300 T mentioned above, it is possible that the smallest orbits ͑,500 T͒ are actually even smaller or absent. The nonobservation of the other orbits could well be due to the relatively short mean-free-path of our crystals. Experiments to higher field and/or with purer crystals will clarify this point.
In summary, we have presented dHvA data for two single crystals of the new superconductor MgB 2 that are in excellent agreement with each other and in good agreement with the most recent band-structure calculations. The present work provides direct evidence that the electronphonon interaction is large on the inner c-axis cylinder and much smaller on the in-plane honeycomb network. This supports microscopic theories of superconductivity that invoke two bands with very different properties [7, 8] .
